In the past, containment of hydraulic fracture height growth has been evaluated based on an assumption of rock formation layers with contrasting conditions of minimum horizontal stress, and to a lesser extent, Young's modulus, leak off rates, and fracture toughness between adjacent rock layers. Most recently, large-block hydraulic fracturing experiments in the laboratory, and observations of fracture propagation (natural or induced) in core, have provided evidence that the rock fabric plays a significant role in arresting fracture height growth and also in promoting fracture complexity. In addition, unconventional reservoirs are often over-pressured. And, as the pore pressure increases, the stress contrast tends to be reduced, and the role of rock fabric becomes dominant.
Introduction
The application of geomechanics to petroleum-industry problems of well construction, reservoir stimulation, long term production, and others has been traditionally based on strong assumptions of homogeneous media, and often elastic, isotropic behavior. These assumptions have helped the industry develop useful models and reasonable predictive capabilities for conventional reservoirs. However, they limit the applicability of geomechanics to heterogeneous tight shale reservoirs.
A homogeneous material exhibits a uniform spatial distribution of properties, from location to location. This implies that the stress-strain relationship is constant throughout the material and changes in stress and strain are reasonably smooth and gradual. In contrast, a heterogeneous material exhibits non-uniform distribution of properties and their stress-strain relationships change from location to location. Here, one needs detailed information of the material structure and the properties of each constituent, to understand the distribution of stresses and strains in the material. This also means that abrupt and often discontinuous changes in stress or strain are possible, and that preferential directions of weakness may emerge along these discontinuities.
Heterogeneity in geologic media results from a spatial distribution of rock texture and composition, associated to complex, time dependent, depositional and diagenetic processes. The resulting variability is subtle in conventional reservoirs but high in unconventional reservoirs, because of the colloidal-size of the sediments, the high surface area that results, and the intensified chemical interactions between sediments from multiple sources, with waters of changing chemistry, and living organisms that have strong preferences to their particular habitats and food supply. The end-product rock units have a broad distribution of texture and composition and a corresponding non-uniform distribution of material properties, which can be chaotic (e.g., for conglomerates) orderly (e.g., for layered media), and the interfaces between constituents may be gradual or abrupt (e.g., transitional or erosional contacts). Tight shales also exhibit localized heterogeneities in the form of concretions of various sizes, thin calcified beds and bentonite-rich layers, the latter two oriented parallel to bedding. They also exhibit a pervasive distribution of thin, mineral-filled fractures, organic-filled slickensides, and other interfaces, which are typically oriented oblique to near perpendicular to bedding. These boundaries define preferential directions of weakness, which may alter the propagation, geometry, and containment of hydraulic fractures in a way that is not possible in homogeneous media. In this paper, we define the arrangement of interfaces the "rock fabric", and this includes the presence, orientation and distribution of bed boundaries, lithologic contacts, mineralized fractures, and other weak interfaces that create discontinuities in the stress and strain fields, affect fracture propagation, and define the way the rock behaves and fails.
The effect of discontinuities and bed boundaries on hydraulic fracture propagation has been a source of multiple studies (1-7 , and others) . These, however, were not specific to tight shales. Based on hydraulic fracturing laboratory experiments on large-outcrop samples and on core-fracture studies on tight shales, we observed that the interactions between the rockfabric and the hydraulic facture, in these rocks, are responsible for fracture complexity and fracture containment. For example, we observe that when the hydraulic fracture meets an interface, it develops step-overs or branches (Figure 1 ). These become choking points that increase friction losses, reduce the fracture width and make the conditions of hydraulic fracture propagation more difficult, leading to their gradual arrest and reorientation. We also observe that when the rock fabric is oriented near-perpendicular to the direction of fracture growth, concurrent secondary fractures often develop along the direction of the rock fabric, and fracture propagation is eventually arrested (Figure 2 ).
The strong interaction between rock fabric and hydraulic fracturing is desirable for fracture containment in weakly bounded reservoirs and where the contrast in horizontal stress between beds is low or reversed. Economic production of tight shales depends on the development of large surface area in contact with high reservoir quality sections in the play, and this is only achievable in the presence of strong height growth fracture containment. Thus, defining the desirable conditions for fracture containment by the rock fabric control is of high interest, and requires understanding the density, orientation, and spatial distribution of relevant interfaces, in relation to the in-situ stress, including their mechanical properties (friction and cohesion).
Whereas in homogeneous rocks hydraulic fracture propagation depends predominantly on stress contrast, in heterogeneous rocks, it depends on the competing influence between the stress contrast and the rock fabric. Rock fabric may have an overriding effect on fracturing in heterogeneous tight shales with strong fabric and elevated pore pressures. Stress contrast may have an overriding effect on homogeneous rocks with limited fabric and normal pore pressure gradients. The big difference here is that in heterogeneous rocks the role of the rock fabric -including the orientation, density, distribution and mechanical properties of interfaces -cannot be ignored. Defining "how the rock wants to fracture", given the above properties, is a significant challenge to be resolved for successful production from tight shale plays. This paper reports work we are conducting to investigate the effect of weak interfaces on fracture geometry and containment. This includes analysis of hydraulic fracturing tests on large blocks from tight shale outcrops, conducted under simulated in-situ effective stress conditions. Continuous monitoring with acoustic emissions and acoustic transmission during fracturing allows us to understand the process of fracture initiation and the interaction of fractures with weak interfaces. Posttest CT scanning and detailed dissection and photographic imaging of the blocks provide us with a good digital image record of the complexity of these interactions.
Rock Fabric and Planes of Weakness
Observations on core, outcrops mine back experiments and laboratory experiments of hydraulic fracturing indicate that the rock fabric -and particularly the distribution and orientation of weak interfaces-have a strong effect on fracture propagation and containment. Laboratory experiments of fracture propagation conducted in thick glass plates with glued interfaces (8) replicated this behavior. Figure 1 show examples of these results. The glass plates were first cut with a diamond scribe along its length, at selected orientations from oblique to perpendicular, and then glued back together with Epoxy. The glass plates were then loaded laterally with different levels of stress contrast. Results showed that for all conditions of stress contrast and interface orientation, the interaction of the propagating fracture and the interface created a stepover. This was longest for low stress contrast conditions and smallest for high stress contrast conditions. However, it was always present. In addition, when the stress contrast was low, the fracture first intersected the interface and then propagated along the interface to the end of the sample. When the stress contrast was high, the fracture propagate in the direction of maximum stress, intersected the interface, crossed the interface forming a small stepovers and continued its propagation along the direction of maximum stress, to the end of the glass plate. At intermediate stresses, significant fracture branching was observed. We observed a similar behavior during fracture propagation tests on thick-walled cylinder tight shale samples. Figure  2 shows examples of these. The experimental configuration assures uniform horizontal stresses along the circumference of the sample. In the absence of stress contrast, the fracture propagation direction is controlled by the slots cut in the rock to facilitate fracture initiation, and by the rock fabric. In the first example (left), the sample is cut with its axis perpendicular to bedding. The presence of nearly vertical mineralized fractures is apparent in the CT images. Some are light colored, and denote the high density of the mineral fracture fill; others are dark colored, and denote low density the mineral fracture fill. In a homogeneous medium, a fracture will be initiated in the direction of the cut slots and then will propagate maintaining this direction to the end of the sample. There is no mechanism in the material that will induce a change in the direction of propagation once this is established. In contrast, in heterogeneous rocks, propagating fractures are temporarily arrested at weak interfaces, and from there they continue along a direction that satisfies the local path of least resistance. This may be along the interface or across the interface. In the case of the sample in the left, the path of least resistance was first the interface with the high-density mineral filled fracture and then the interface with the low-density mineral filled fracture. The change of direction of fracture propagation is only possible because of the presence of fabric in the rock. In the second case (right), the rock is prepared parallel to bedding and the fracture initiation slots are cut perpendicular to bedding. Despite the stress concentrations associated to these slots, the rock fails along preferential planes of weakness that are, in this case, weak interfaces along particular bed boundaries. In addition, fracture complexity develops as the two branches connect (because of the presence additional plane of weakness at oblique orientations to bedding).
The criterion that defines how a propagating fracture interacts with an interface and more importantly what the crossing criterion for the interface should be depends on the conditions of fracture propagation and the strength of the interface (friction angle and cohesion). Mathematical formulations for this criterion have been provided by various authors (9.10,11) . These models evaluate localized slippage along the interface as the fracture approaches the interface, and predict fracture crossing or fracture arrest -they do not yet predict branching, which is observed experimentally. The interaction takes place even when the material on both sides of the interface is identical. This means there is no contrast in stress or material properties across the interface. This is different than traditional modeling on layered media where each layer is homogeneous and the interfaces are welded (i.e., do not displace relative to one another). Thus, the interface mechanical properties, and the existing shear stresses at the interface -in relation to the interface shear strength-defines the interaction of the interface with the propagating fracture. That is, the interface crossing criterion. When multiple interfaces with different orientations and strengths exist in the heterogeneous rock, significant fracture complexity occurs and fracture containment is enhanced. Figures  3 and 4 show this concept. In Figure 3 , the planes of weakness are oriented oblique to the direction of the maximum in-plane stress. Two cases are considered: high stress contrast (left), and low stress contrast (right). Under high stress contrast, step overs and branching are created at the planes of weakness, but the branches have a strong tendency to grow in the direction of the maximum stress. Here, the higher the stress contrast, the smaller the length of the step-over, and this will disappear when the strength of the interface approaches the strength of the rock (i.e., when the material is virtually homogeneous). In contrast, for low stress contrast (right), the fracture propagates along any arbitrary direction until it reaches a weak interface. Subsequently, they continue propagating along the interface, with no condition that will cause the fracture to change direction. In Figure 4 , the planes of weakness are oriented parallel (left) and perpendicular (right) to the direction of the maximum in-plane stress. In both cases the applied stress has a high stress contrast. When the planes of weakness are oriented parallel to the maximum stress, both the direction of stress and the direction of rock weakness coincide, and the fracture develops along the planes of weakness with an overall simple geometry. When the planes of weakness are oriented perpendicular to the maximum stress, the primary fracture develops along the direction of maximum stress, while secondary fractures occur along the direction of weakness. This results in a "fish bone" structure that is common in hydraulic fracture experiments on weak laminated interfaces. In unconventional reservoirs the use of the "brittleness criterion" -defined as the degree of rock stiffness -is used to define the desirable (high brittleness) and the undesirable (low brittleness) conditions for fracturing to obtain high production. The above discussion suggests that the desirable condition for fracturing should be defined by a number of properties, not a single one. For example, same degree of brittleness, with the same interface properties, but with different interface orientation will result in significantly different fracture geometries (and conditions of proppant transport and fracture preservation). In reality, for heterogeneous rocks, defining the desirable conditions for fracturing requires knowledge of at least: the variability in rock properties, the magnitudes and orientation of the local stress field, the distribution and orientation of the planes of weakness, and their strength. These are a significantly expanded property requirements compared to the corresponding requirements for modeling in homogeneous medium. However, without this knowledge, our predictive capabilities will be weak and over simplistic. Understanding the implications of heterogeneity, and the effect of rock fabric on hydraulic fracture propagation and geometry, gives us better understanding of possibilities during fracturing, and the opportunity to pose the right questions, for example: Are some interfaces more relevant than others? How do we identify these? Can we use our understanding of the geologic system (sequence stratigraphy) to predict the distribution of weak interfaces? Figure 5 . Hydraulic fracture propagation in large-scale tight shale outcrop. The testing configuration simulates a horizontal completion. Bedding is oriented parallel to the wellbore and perpendicular to the maximum stress (red arrows). The minimum stress is oriented parallel to the wellbore (not drawn). The primary fracture is oriented parallel to the maximum stress. Although the wellbore pressure did not exceed the maximum stress, secondary branches are observed oriented parallel to bedding. Figure 5 shows an example of a "fish bone" fracture geometry that developed during a large-block hydraulic fracturing experiments using Niobrara shale outcrop samples. The testing configuration simulated a horizontal completion. The orientation of the wellbore is indicated with a blue thick line, and the location of the fracture initiation slots, with a black rectangle. Bedding was oriented parallel to the wellbore and perpendicular to the maximum stress of 3500 psi (red arrows). The minimum stress (1500 psi) was oriented parallel to the wellbore (not shown) and the intermediate stress of 2500 psi was oriented out of the plane of the picture (not shown). Fracturing was conducted using silicone oil (1000 cp viscosity) and at a rate of 15 ml/min. These conditions are equivalent to pumping slick water at 10 BPM (per fracture), and thus representative of low fluid velocities existing in the far-wellbore fractures. The primary fracture developed perpendicular to the minimum horizontal stress and perpendicular to bedding. Secondary fractures developed parallel to bedding and perpendicular to the maximum stress. These are short, discontinuous, follow specific (weaker) planes, and in some cases branch or change orientation following the local rock fabric. They opened locally against the maximum overall stress despite that the wellbore pressure was limited between the minimum and intermediate stresses at all times during hydraulic fracturing. Thus, they represent the local heterogeneity in stress within the rock, and possibly the development of high shear along these interfaces. In our studies, we looked for common interactions between weak interfaces and propagating fractures, and defined a conceptual model of possible fracture geometries. Figure 6 shows the typical fracture connectors that develop at interfaces, and some representative fracture geometries. This conceptual model was subsequently simplified, for use in numerical simulators (lower image). In the simplified model only first and second tear fracture systems were considered. It is assumed that third tier fractures do not have proppant support and in are not preserved open during production. Using these models, we conducted numerical simulations of production imposing a condition of identical surface area on all fractures and identical matrix permeability. The fracture conductivity was different for the two fracture systems (first and second tear), but identical between geometries. Results show that short-term and long-term production are a function of the fracture geometry (12) . Results also show that better characterization of heterogeneous formations, including measurements of their distribution of bulk properties, interface orientation and density, and interface strength will result in a considerable improvement in our capabilities for predicting rock failure, fracture propagation, fracture geometry, and fracture containment. 
Large-Block Testing
Laboratory experiments of hydraulic fracture propagation in heterogeneous media are challenging to conduct and analyze, because of boundary effects during fracture initiation and as the fracture approaches the specimen outer boundaries. Fracture initiation effects are minimized by cutting large slots along the desired section of the wellbore; outer boundary effects are minimized by extending the sample size. Thus, large-block samples provide the best opportunity for evaluating hydraulic fracturing and the interaction of fractures with the rock fabric. In our studies, we use a polyaxial stress frame ( Figure 7 ) with independent stress control along three perpendicular directions, and with maximum capacity of 8,000 to 10,000 psi. Flatjacks are used for transmitting the load and for continuously monitoring the block deformation during fracturing. These measurements allow us to detect fracture initiation and local fracture openings at different directions from the reference fracture direction -defined by the boundary stresses alone. The blocks are also instrumented with an array of acoustic sensors (typically 20 to 36), to conduct active transmission measurements for defining the velocity model of for the block, and for updating the velocity model for changes occurring during loading and fracturing. We also use the transducers concurrently in passive mode, to detect and localize acoustic events and use these to map the evolution of the fracture. Our goal is to observe the relationship between the rock fabric, fracture containment and fracture complexity, to validate interface crossing criteria models, investigate proppant transport and proppant distribution, and better define fracture characteristics along the nearwellbore and far-wellbore regions. Figure 8 shows results of acoustic emission localization during hydraulic fracturing process, at the moment the fracture is crossing an interface. These measurements were conducted on a reasonable homogeneous, tight sandstone block, provided with a man-made, open, interface (shown with a dotted line). The objective of the test was to validate crossing criterion modeling, and to understand the fracturing process in more detail based on measurements of deformation and acoustic emissions. Results from AE localization show rapid propagation of the fracture from the wellbore to the interface, considerable arrest and leakoff at the interface, and subsequent fracture propagation across the interface. In this case, we used a high viscosity fluid (2.5 Mcp) and higher pumping rates (30 ml/min) for fracturing. At the time step shown in the figure, the wellbore pressure had not reached the breakdown pressure, yet the fracture had extended a considerable distance and reached the interface. The thicker, color-coded lines, in the wellbore pressure curve, correspond to the interval being visualized in the various cross sectional views of the block: North view -in the direction of fracture propagation, East view -in the direction perpendicular to fracture propagation, and top view. The colors in these images represent the time sequence of the localized events, yellow and green are early events, blue and red are late events. At this time window, the fracture appears to be hairline and predominantly dry. The wellbore pressure response indicates that fluid has not yet penetrated the fracture, and the deformation (flat jack volume) shows that the fracture width is minimal. It is only after crossing the interface that the fracture developed width and the viscous fluid penetrated the fracture. Figure 8 . The evolution of the fracture geometry and the associated proppant transport from the wellbore-fracture connector to the near-wellbore region and to the far-wellbore region. Figure 9 . The evolution of the fracture geometry and the associated proppant transport from the wellbore-fracture connector to the near-wellbore region and to the far-wellbore region. Figure 9 show results of hydraulic fracturing on a large block with proppant transport. In this test, the fracture was created with a 1000 cp fluid and 10ml/min, and subsequently proppant was transported with water at a rate of 6000 ml/min. The procedure simulates the field process of fracture development with a fluid pad followed by proppant transport along the created fracture. The main difference is that in the lab we stopped injection, displaced the fracturing fluid, closed the fracture, measured the un-propped fracture conductivity at various levels of stress, and re-open the fracture pumping with water and proppant at high pumping rates. Results show significant fracture complexity, despite the fracturing conditions with high viscosity and moderate pumping rates. The complexity is minimal at the wellbore, (proving the effectiveness of the slots cut from wellbore into the rock); it is gradual in the near-wellbore fracture region, where multiple parallel levels of fracturing are seen, and it is larger towards the end of the block. The right side of the figure provides a broad view the entire fractured face. The left side of the figure shows the type of complexity that develops in the far field. The right picture shows that the increase in complexity is gradual and in not simply a boundary effect. Figure 10 shows results from a test configuration representative of a vertical cased completion. Subsequent to testing, concentric cylindrical sections were cored from the block, including the near wellbore, to visualize the resulting fracture geometry. For this test, fracture initiation slots were not cut from the wellbore. Instead slots were cut in the casing and skin depth scratches were created on the exposed rock face, to promote fracture initiation. In the absence of wide, long slots in the rock, fracture initiation required wellbore pressures that exceed the maximum applied stress, and the high pressure and rapid energy release rates during fracture initiation resulted in considerable near-wellbore fracture complexity. The bottom image in the figure shows the near wellbore region and the fracture complexity that developed near the wellbore. Instead of a single and wide longitudinal fracture, results show segments of longitudinal to oblique fractures interrupted by a considerable number of bed-parallel fractures. The latter occurred along specific bed boundaries, which are assumed to be the weak interfaces of the system. Containment of the longitudinal fracture at some interfaces is observed. Also, one observes fracture branching along multiple sections of the wellbore. Under these conditions of near-wellbore complexity one anticipates high pressure drops, high fracturing pressures, narrow fractures and a high potential for screen outs during the proppant stages.
Interactions between pre-existing mineralized fractures and organic filled slickensides with the hydraulic fracture are seen in the top-left image. At the cross-section level shown, three fractures emanate from the wellbore (marked with white arrows). These subsequently intersect pre-existing interfaces and continue growing along these weak directions. The end result is a complex pattern of fracture propagation that is impossible to predict based on the stress boundary conditions alone, or from knowledge of any individual rock property. However, as a post-mortem exercise, one can relate the resulting fracture pattern to the interaction between the propagating fracture and pre-existing planes of weakness in the rock. These results indicate that understanding the rock fabric, and defining methods for identifying the dominant directions of weakness in the region to be hydraulically fractured, is of fundamental importance to predict fracture geometry, fracture containment and fracture surface area in contact with the reservoir. With this understanding, it will be possible to relate the stimulated system to its potential for hydrocarbon production, and to evaluate the effectiveness of the stimulation treatment. Figure 10 . Examples fracture geometries that result from the interaction between the propagating fracture and the planes of weakness -mineralized fractures and organic-matter-filled slickensides-present in the block. The near-wellbore fracture exhibits a high degree of complexity when the "perforations" are superficial and the fluid viscosity and flow rates are low.
Conclusions
The following conclusions emerge from this work, regarding complex rock formations:
 Rock heterogeneity, and in particular the presence of planes of weakness, has a large role in defining a) fracture complexity and b) height containment. Laboratory large block experiments greatly help to verify and to expand this understanding.  The properties required for predicting fracture complexity and fracture containment are: the density (at core and log scales) and orientation of the planes of weakness, their basic mechanical properties (coefficient of friction and cohesion), the rock mechanical properties, the insitu stresses, and the conditions of fracturing (fluid viscosity and pumping rate).  Fracture complexity, in the near-wellbore region (extending tens of feet away from the wellbore) may be reduced with high viscosity fluids and high pumping rates.  Traditional methods assuming a homogeneous media are grossly inadequate given the complexity of the system.
Great improvements can be made by: a) characterizing and understanding the rock fabric, and b) understanding the associated complexity introduced by this during fracturing.
